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We experimentally investigate the evolution of the direct detection noise figure of a non degenerate
phase sensitive amplifier based on nonlinear fiber, as a function of the relative phase between the
signal, idler, and pump, all other parameters remaining fixed. The use of a fiber with a high
stimulated Brillouin scattering threshold permits to investigate the full range of phase sensitive gain
and noise figure without pump dithering. Good agreement is found with theory, both for signal only
and combined signal and idler direct detections.
Optical amplifiers are at the heart of both digital op-
tical telecommunication systems and analog microwave
photonics links. However, the principles of quantum
optics show that ordinary amplifiers, which amplify all
the quadratures of a light mode with the same gain,
lead to a degradation of the signal-to-noise ratio, due to
the coupling of the amplified mode with vacuum modes
[1]. This degradation, called the amplifier noise figure,
cannot be smaller than 3 dB when the gain is large.
Alternatively to such phase insensitive amplifiers
(PIA), Caves [2] has shown that a phase sensitive am-
plifier (PSA) can amplify the signal without degrading
the signal-to-noise ratio. In this case, one quadrature of
the considered mode undergoes a maximum gain Gmax
while the orthogonal quadrature is “deamplified” by a
gain Gmin = 1/Gmax. An incident quasi-classical state
is then transformed into a Gaussian squeezed state, and
the signal-to-noise ratio of any quadrature of the field
is conserved through the amplifier, which thus exhibits
a noise figure equal to 0 dB in homodyne detection.
However, in a direct detection experiment, where both
quadratures contribute to the signal, the noise figure of
the amplifier depends on the phase of the signal that is
amplified. It is minimum (resp. maximum) when the
signal experiences the maximum (resp. minimum) gain.
Such a dependence on the gain of the amplifier noise
figure in direct detection has been observed in the first
demonstrations of noiseless amplification in χ(2) media
[3, 4]. In these experiments, the noise figure was shown
to vary from 7 dB to 1 dB when the gain of the quadra-
ture was varied from -2 dB to 8 dB.
More recently, there has been a growing interest in
the development of PSA based on Kerr effect in χ(3)
media, and more precisely in optical fibers. This inter-
est is driven by applications in communication technolo-
gies. Indeed, the availability of highly nonlinear fibers
(HNLF) permits to build fiber parametric amplifiers ex-
hibiting very large gains on a very broad bandwidth [5–
7], in which all the interacting wavelengths – pump(s),
signal, and idler – are in the telecommunication win-
dow and can thus propagate with very small losses in
the single-mode fiber. This has led to the demonstration
of in-line amplification with a noise figure close to 0 dB,
much smaller than the 3 dB limit of PIA [8, 9]. How-
ever, such large gains require the use of powerful pumps
and long fibers, leading to the occurrence of stimulated
Brillouin scattering (SBS) that degrades the operation
of the amplifier. The spectrum of the pump(s) is thus
usually broadened by modulation with several tones in
order to increase the Brillouin threshold [10, 11]. The
consequence of this technique is that the different fre-
quency components of the modulated pump(s) do no
longer have the same phase difference with the signal
and idler, leading to a reduction of the maximum gain
and an increase of the minimum gain [12]. Moreover,
this has led to the difficulty to observe the dependence
of the PSA noise figure on the relative phase between
the interacting waves, contrary to the observation per-
formed decades ago in χ(2) crystals [4]. In most fiber
PSA literature, the relative phase of the waves is locked
at the point of maximum gain and only the smallest
value of the noise figure is measured [8, 13–16]. In some
papers [17], the changes in the noise figure are observed
when the wavelength is varied, which also induces a
change in the relative phase. Besides, some papers in
the literature report measurements of the noise figure
as a function of the input power or of the wavelength
[17, 18], but not as a function of the relative phase of the
waves, all other parameters being fixed. Thus the aim
of this Letter is to build a fiber-based PSA specially de-
signed to allow us to scan the relative phase between the
three interacting wave from 0 to 2pi and thus to explore
the whole range of gains, from G to 1/G, while keeping
all other parameters (wavelengths, pump power, signal
and idler power, etc...) constant. We should thus be
able to measure the evolution as a function of the rel-
ative phase of the corresponding noise figure evolution
in a direct detection experiment.
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Figure 1. Experimental setup. TLS: tunable laser source;
EDFA: erbium-doped fiber amplifier, PZT: piezo-electric
transducer; PM: phase modulator; MZM: Mach-Zehnder
modulator; OBPF: optical bandpass filter; OSA: optical
spectrum analyzer; FBG: fiber Bragg grating; HNLF: highly
nonlinear fiber; ESA: electrical spectrum analyzer; CM: cur-
rent meter.
To achieve this aim, we built the pump degenerate
parametric amplifier experiment sketched in Fig. 1. A
tunable semiconductor laser (Yenista Tunics) tuned at
1547 nm is split into two arms by a 10%/90% coupler.
The 10% arm is used to create the degenerate pump and
is thus amplified by a 30-dBm-power EDFA and filtered
by a 0.2-nm-bandwith bandpass filter to reduce ampli-
fied spontaneous emission noise. The 90% arm is mod-
ulated by an intensity Mach-Zehnder modulator biased
at minimum carrier transmission and driven at 20 GHz.
After filtering out the carrier, the two sidebands at
±20 GHz thus constitute the signal and the idler of the
fiber-optic parametric amplifier, respectively. In a first
configuration, the remaining carrier in this arm is fil-
tered out by splitting the beam into two arms containing
each a 50-pm-bandwidth bandpass filter (configuration
A in Fig. 1). To compensate for the losses associated
with this filtering, a 20-dBm EDFA is inserted in the sig-
nal and idler arm of the experiment. The two arms are
then recombined using another 10%/90% coupler and
injected in the HNLF after an optical isolator. A notch
filter is used at the output of the HNLF to remove the
pump and observe the signal and/or idler spectra and
power. All components are polarization-maintaining,
ensuring that the three waves are co-polarized at the
input of the HNLF.
In a first experiment, we use a standard 1011-m-long
HNLF provided by OFS [19], with a nonlinear coef-
ficient γ = 11.3 (W.km)−1, a zero-dispersion wave-
length λZDW = 1547 nm and a dispersion slope D′ =
0.017 ps.nm−2.km−1. In order to increase the SBS
threshold, we modulate the phase of the pump by insert-
ing a 10 GHz bandwidth phase modulator in the pump
arm . Once this modulator is driven at four frequencies
(100, 300, 900 and 2700 MHz), we can inject a pump
power Pp as large as 24 dBm in the HNLF without ob-
serving any SBS. We then inject equal signal and idler
powers Ps = Pi = −13 dBm into the fiber to probe the
nonlinear amplification. In these conditions, we expect
the phase sensitive gain to be given by [20]
GPSA = 2G− 1 + 2
√
G(G− 1) cos Θ , (1)
where G is the PIA gain (when only the signal is
launched in the fiber) and Θ = φs + φi − 2φp is the rel-
ative phase between the signal, idler, and pump, whose
phases are φs, φi, and φp, respectively. G is given by
G = 1 +
(
1 +
κ2
4g2
)
sinh2 gL , (2)
where κ = 2γPp −∆β is the total phase mismatch, ∆β
the linear phase mismatch, and g2 = (γPp)2 − (κ/2)2.
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Figure 2. Measured evolution of the total signal and idler
amplified power versus time when the phase of the pump
is sinusoidally modulated, in the presence of pump phase
dithering. The horizontal line is the detected power when the
pump is off. The bottom sinusoid is a picture of the voltage
applied on the piezotransducer used to modulate the pump
phase. The fiber is a L = 1011-m-long standard HNLF fiber.
Pp = 24 dBm. Ps = Pi = −13 dBm.
From Eqs. (1) and (2) and with the parameters of our
experiment, GPSA should vary between Gmax ' 4G =
10 dB and Gmin = 1/Gmax = −10 dB. Figure 2 shows a
measurement of the sum of the signal and idler powers
when we modulate the phase of the pump by applying a
sinusoidal voltage to the piezoelectric transducer (PZT)
shown in Fig. 1, on which we have coiled a few meters of
fiber in the pump arm. This figure shows that the gain
is phase sensitive, as expected, but the maximum cor-
responds to a gain Gmax = 10 dB while the minimum
to a gain Gmin = 7 dB. Consequently, the amplifier
does not exhibit the entire expected gain dynamics. In
particular, the minimum gain is too large, compared
to theoretically expected value, exhibiting amplification
(Gmin > 1) while it should correspond to deamplifica-
tion (Gmin < 1).
To check that this discrepancy with respect to theory
is due to the fact that the pump contains many different
tones, we reduce the fiber length down to L = 200 m
and the input pump power down to Pp = 20 dBm where
we can switch off the pump phase dithering without ex-
citing SBS. The corresponding evolution of the simul-
taneously detected signal and idler powers when the
pump phase is sinusoidally modulated is reproduced in
Fig. 3(a). The values of the minimum and maximum
3gains can be extracted from this figure by comparing
the levels labeled “MAX” and “MIN” with the blue line
labeled “OFF”, which corresponds to the power detected
when the pump is switched off, and also talking into ac-
count the pump residual power that falls on the detector
(bottom horizontal green full line). We measure a gain
varying between Gmin = −1.9 dB and Gmax = 2.0 dB
when the relative phase Θ is scanned. The correspond-
ing theoretical plot, in which Gmin = −2.0 dB and
Gmax = 2.0 dB, is shown in Fig. 3(b). The good agree-
ment between the experimental and theoretical values of
the minimum and maximum gains shows that the full
range of gain values can be observed when one can avoid
to broaden the pump spectrum by phase modulation.
Chapitre 3. Réalisation expérimentale d’un FOPA sensible à la phase pour des
applications en optique micro-onde
appliqué au PZT un signal sinusoïdal de fréquence f = 1 kHz et d’amplitude Vp≠p = 1 V
permettant de moduler la phase de la pompe. La courbe rouge sur la figure 3.14 a)
montre la variation de la puissance « signal + idler » quand la pompe est activée (pompe
ON). Cette variation prouve que la puissance du « signal + idler » est modulée entre un
Figure 3.14 – a) Evolution de la tension du « signal+idler »(en rouge) quand une mo-
dulation sinusoïdal est appliquée au PZT. b) Evolution théorique du gain sensible à la
phase en fonction de la phase relative  .
maximum et un minimum en fonction de la phase relative   entre les signaux injectés à
l’entrée de la fibre. A partir de ces deux valeurs maximale et minimale, on peut déduire
les valeurs des gains : le gain maximal correspondant à l’amplification et le gain minimal
correspondant à la désamplification (équation 3.2). Ici, le gain varie entre 6 dB et -6 dB.
Contrairement aux résultats obtenus avec la fibre HNLF standard, la fibre HNLF SPINE
a permis d’obtenir une dynamique de gain importante et complète, se manifestant par
l’amplification et la désamplification du signal. La puissance de la pompe injectée à
l’entrée de la fibre est de 24 dBm, et la puissance de l’ensemble signal + idler à l’entrée
de la fibre est de -0.5 dBm.
Afin de confirmer ces résultats expérimentaux, nous avons simulé la variation du gain
en fonction de la phase relative (équation 1.38) en utilisant les paramètres expérimentaux.
Comme le montre la figure 3.14 b), le gain varie entre 6.5 dB et -6.5 dB. On constate
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Chapitre 3. Réalisation expérimentale d’un FOPA sensible à la phase pour des
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de l’idler lorsque la pompe est désactivée. En utilisant l’équation 3.2, on trouve que le
gain mesuré varie dans ce cas entre ≠1.88 dB (désamplification) et 2 dB (amplification).
Afin de confirmer ces résultats expérimentaux, nous avons simulé la variation du gain en
fonction de la phase relative (équation 1.38) en utilisant les paramètres expérimentaux.
Le gain dans ce cas varie entre 2 dB et ≠2 dB (voir figure 3.11 b)). On constate donc une
bonne concordance entre les résultats expérimentaux et les résultats de simulation. Ainsi,
Figure 3.11 – a) Evolution de la puissance signal + idler (en bleu) quand une modulation
sinusoïdale est appliquée au PZT. b) Variation du gain théorique en fonction de la phase
relative. les paramètres de l’amplificateur sont : L= 200 m, ⁄p = ⁄ZDW = 1547 nm, Pp=19
dBm, Ps+i=-10 dBm.
pour avoir un gain important avec une bonne dynamique, il faut utiliser une fibre optique
avec un seuil Brillouin relativement élevé. C’est pour cela que nous nous sommes ensuite
tournés vers une fibre optique fortement non linéaire à gradient de contrainte (HNLF
"SPINE") qui possède un seuil Brillouin relativement élevé.
III Réalisation d’un PSA avec une fibre HNLF
SPINE
Les paramètres de la fibre HNLF SPINE (commercialisée par OFS) utilisée dans cette
partie sont résumés dans le tableau 3.2. Celle-ci présente les caractéristiques suivantes :
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Figur 3. (a,c) Me sured and (b,d) c lcula ed evolution of
the total signal and idler power versus time when the pump
phase is sinusoid lly mo lat d, withou pu p phase dither-
ing. (a,b) Standard HNLF with L = 200 m, Pp = 20 dBm,
and Ps = Pi = −13 dBm. (c,d) SPINE H LF with
L = 500 m, Pp = 24 dBm, and Ps = Pi = −3.5 dBm. ‘OFF’
represents th signal and idler power wh n the pump is off.
In (a,c), the botto horizontal line shows the residual pump
power. The dashed lines corresp nd to the maximum and
minimum gains. All powers ar recorded in the same con-
ditions, allowing to perform ratios to deduce the maximum
and minimum gains.
In order to fully exploit the total gain dynamics of the
amplifier [21], we thus shift to another fiber, also manu-
factured by OFS, which exhibits a larger SBS threshold
[19]. This so-called “SPINE” (Stable Phase Matching for
Improved Nonlinear Efficiency) fiber has the following
characteristics: γ = 8.7 (W.km)−1, λZDW = 1566 nm
and D′ = 0.083 ps.nm−2.km−1. With a length L =
500 m and a launched pump power Pp = 24 dBm,
no SBS was observed and we were able to observe the
full PSA gain dynamics, from Gmin = −6.0 dB to
Gmax = 6.0 dB, as shown in Fig. 3(c). This is in good
agreement with the theoretically expected values repro-
duced in Fig. 3(d), which also take the losses of the fiber
into account. Moreover, the “SPINE” fiber exhibits a
better longitudinal dispersion control, which guarantees
stable phase matching conditions over the fiber length
and making comparison between experiment and theory
easier.
To stabilize the relative phase between the three
waves, the lengths of the two arms of the experiment
of Fig. 1 are balanced. The gain of the PSA can then
be locked at almost any value between Gmin and Gmax
by comparing the detected signal and idler power to
a reference value. This reference value, and thus the
locking point, are adjusted by sending the suitable cor-
rection signal to the piezoelectric transducer controlling
the pump phase (see the dashed line in Fig. 1). The
PSA gain can thus be stabilized between its maximum
and minimum values. This servo-loop is stable enough
to perform gain and noise measurements, except very
close to the maximum and minimum values of the gain
where the error signal exhibits an extremum. Moreover,
the signal and idler powers are continuously monitored
during the noise measurements, allowing us to know ex-
actly for which gain value the noise measurements are
performed.
By tuning the central wavelength and bandwidth of
the notch filter located at the output of the HNLF we
can reject the remaining pump and choose to detect ei-
ther the power of the signal and the idler together (com-
mon detection) or the power of the signal alone. These
amplified signal and/or idler powers are then detected
by the noise analysis box of the setup of Fig. 1. After
a bias-T, the DC signal is measured by a current meter
while the noise component is amplified by a low noise
RF-amplifier with 32 dB electrical gain and 500 MHz
bandwidth. Finally, the noise levels are recorded by us-
ing an electrical spectrum analyzer (ESA) at 300 MHz
Central frequency with 1 kHz resolution bandwidth and
10 Hz video bandwidth. It is worth noticing that a
high efficiency photodetector as well as a low-noise RF-
amplifier are important for a good measurement accu-
racy. Figure 4 shows examples of intensity noise spectra
measured in common detection in such conditions. It is
clear that the noise level depends on the gain experi-
enced by the signal and the idler.
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Figure 4. Measured intensity noise spectra obtained in com-
mon signal and idler detection for different values of the
phase sensitive gain, with the signal and idler only (no
pump), and in the presence of the pump only (no signal
and idler). VBW = 10 Hz; RBW = 1 kHz.
4The noise figure NF of the PSA can be evaluated from
such measurements by comparing the output intensity
noise level Nout with the input intensity noise level Nin
through the relation, in logarithmic scale:
NF(dB) = (Nout(dB)−Nin(dB))− 2GPSA(dB) , (3)
where (dB) means that this calculation is valid when
the quantities are expressed in dB. Moreover, one needs
to be sure to be in the regime where the detected inten-
sity noise is limited by the shot noise associated with
the incident quasi-classical state. To this aim, with a
variable attenuator, we checked the evolution of the de-
tected noise power as a function of the generated pho-
tocurrent when the PSA is switched off (pump off). In
configuration A (see Fig. 1), with an input signal and
idler power Ps = Pi = −8 dBm at the input of the
nonlinear fiber, we could check that, when both signal
and idler are detected, the noise level evolves linearly for
photocurrents smaller 0.2 mA. For larger photocurrents
the noise level evolves quadratically with the photocur-
rent due to the predominance of the relative intensity
noise induced by amplified spontaneous emission in the
EDFA located on the signal and idler path of the ex-
periment. We have also checked that the noise of the
residual pump after filtering is always smaller than the
noise of the signal and idler.
-6 -4 -2 0 2 4 6
-2
0
2
4
6
8
10
12
14
 
 
N
F c
 (d
B
)
GPSA (dB)
-6 -4 -2 0 2 4 6
-2
0
2
4
6
8
10
12
14
 
 
N
F s
 (d
B
)
GPSA (dB)GPSA (dB) 
    -  -  -  
(b) 
N
F s
 (d
B
) 
-2 
0 
2 
4 
6 
8 
10 
12 
14 
-6 -4 -2 0 2 4 6
-2
0
2
4
6
8
10
12
14
 
 
N
F c
 (d
B
)
GPSA (dB)
-6 -4 -2 0 2 4 6
-2
0
2
4
6
8
10
12
14
 
 
N
F s
 (d
B
)
GPSA (dB) GPSA (dB) 
0 2 4 6 -2 
(a) 
N
F c
 (d
B
) 
-6 -4 
-2 
0 
2 
4 
6 
8 
10 
12 
14 
Figure 5. Experimental (circles) and theoretical (solid line)
evolutions of the PSA noise figure versus gain for (a) com-
bined signal and idler direct detection and (b) signal direct
detection. Powers at the input of the nonlinear fiber: (a)
Pp = 25 dBm and Ps = Pi = −8 dBm; (b) Pp = 25.5 dBm
and Ps = Pi = −3.5 dBm. Error bars: ESA noise mea-
surement uncertainty; Dashed lines: the classical 3 dB noise
figure.
In the case of combined signal and idler detection,
the calculation of the evolution of the direct detection
noise figure as a function of the PSA gain leads to the
following expression [5], not taking the fiber losses into
account:
NFc,PSA = 2
2G− 1
GPSA
, (4)
where GPSA varies between Gmin = (
√
G − √G− 1)2
and Gmax = (
√
G+
√
G− 1)2 when Θ is varied. Equa-
tion (4) is plotted as a solid line in Fig. 5 for Gmax =
6 dB, i. e. G = 1.9 dB. The corresponding measured
noise figures are plotted as circles in the same figure.
They are obtained by applying Eq. (3) to noise levels
measured at 300 MHz, like the ones shown in Fig. 4, for
different values of the PSA gain. Very good agreement is
observed between theory and experiment. In particular,
for the maximum gain Gmax = 6 dB, we obtain a noise
figure equal to −0.5 dB± 0.8 dB, which is significantly
smaller than the value NFc,PIA = 2−1/(2G−1)2 ' 3 dB
that would be obtained for a PIA with a 6 dB gain. On
the contrary, for the minimum gain, the NF is close to
(2G− 1)Gmax ' 12 dB, as expected from eq. (4).
In the case where only the signal is detected, we in-
creased the signal and idler input powers by using con-
figuration B in Fig. 1. We could then reach signal and
idler powers at the input of the nonlinear fiber equal to
Ps = Pi = −3.5 dBm. The pump power is then equal
to Pp = 25.5 dBm, leading to a maximum (resp. min-
imum) small signal PSA gain equal to Gmax = 6.8 dB
(resp. Gmin = −6.8 dB), in agreement with the ex-
pected values. In this configuration, we could indeed
reach higher signal and idler powers but unfortunately
we could no longer completely filter out the excess noise
due to the EDFA located in the signal/idler arm of the
experiment, which was a few dB above shot noise. In
spite of this, we performed noise figure measurements for
different gain values. They are represented by circles in
Fig. 5(b), and compared with the following theoretical
expression [5]:
NFs,PSA =
2G− 1
GPSA
, (5)
which leads to the solid line in Fig. 5. One can see that
the agreement remains qualitatively good, in spite of
the super-Poissonnian noise introduced by the EDFA.
In particular, for the maximum gain Gmax = 6.8 dB,
our measurement leads to NFs,PSA = −1.8 dB±0.8 dB,
which is well below the 3 dB limit expected in the case
of a PIA. In this configuration, we could thus expect a
noise figure equal to 1.2 dB if we detected the signal and
idler together.
In conclusion, we have experimentally investigated
the evolution of the noise figure of a PSA based on
nonlinear optical fiber in direct detection, for both de-
tection of the signal only and combined detection of
the signal and the idler, as a function of the relative
phase between the three waves, all other parameters
(wavelengths, powers, etc.) being kept constant. The
evolution of this noise figure with the relative phase,
throughout the entire dynamics of the PSA gain, has
been shown to be consistent with theory, and to be sim-
ilar to the one observed in χ(2) media. Moreover, these
noise figures have been observed for incident signal and
idler powers in the dBm range, compatible with ana-
log microwave photonics applications where relatively
large powers are mandatory. Besides, similar results
should be obtainable for larger values of the gain if one
uses longer SPINE fibers. Finally, the present results
5open interesting perspectives in cascading noiseless op-
tical taps as demonstrated for χ(2) PSAs [22].
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